
N A S A   C O N T R A C T O R  
_.". 

R E P O R T  < '  
; 1 

w 
o* ' . .  ' .  I., " r , , >  . .  , 8 .  

M 

Qc: 
I 

U 
I .  

INVESTIGATION OF THE 
TURBULENT SHEAR FLOW OF 
DILUTE  AQUEOUS CMC SOLUTIONS 

by W. D. Ernst 

Prepared under Contract No. NASw-729 by 
LING-TEMCO-VOUGHT RESEARCH CENTER 
Dallas,  Texas 

for 



~ ~ 

TECH LIBRARY KAFB, NM 

INVESTIGATION OF THE  TURBULENT  SHEAR FLOW 

OF DILUTE  AQUEOUS  CMC  SOLUTIONS. 

By W. D. E r n s t  

Distribution of t h i s   r epor t  is provided  in   the  interest  of 
information  exchange.  Responsibil i ty  for  the  contents 
res ides   in   the  author  or organizat ion  that   prepared it. 

Prepared  under   Contract  No.  NASw-729  by 

Dal las ,   Texas 
LING-TEMCO- VOUGHT RESEARCH  CENTER 

for 

NATIONAL AERONAUTICS AND  SPACE ADMINISTRATION 

For sa1.e by the  Clearinghouse for Federal  Scientific and Technical Information 
Springfield,  Virginia 22151 - Price $3.00 



ABSTRACT 

Experimental  measurements of the ful ly   developed  turbulent   f low 

f i e l d  i n  s t r a i g h t   c i r c u l a r   t u b e s   o f   d i l u t e  CMC so lu t ions  are de- 

scr ibed.  Having a non-Newtonian  power l a w  exponent  of 0.93 t o  0.95, 

the  v iscos i ty   o f  the solutions  used was near ly  Newtonian.  Both 

pressure  drop and v e l o c i t y   p r o f i l e  measurements were made over a 

wide range of Reynolds  numbers. The ve loc i ty  data was t aken   in  

both the l i n e a r  sublayer and the turbulent   core ,  and is presented 

i n  terms of the u n i v e r s a l   v e l o c i t y   p a r r m t e r s  modified by use of 

a v i scos i ty  defined at the tube wall. A check  of t h e  e x i s t i n g  

empir ical   correlat ions  based on a power l a w  v i s c o s i t y  shows  none 

predic t ing  the  observed  veloci ty   prof i les .  
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INI'RODUCTION 
- 

Fluid  dynamicists  have  been  confronted with many  new problems, 

b o t h   t h e o r e t i c a l  and experimental, with the  advent  of non-Newtonian 

rheology. The area chosen for  the   subjec t   exper imenta l  study is  

the   tu rbulen t   cons t ra ined  flow of an e las t ico-v iscous   l iqu id .  This 

flow field is of spec ia l   i n t e re s t   s ince   e l a s t i co -v i scous   l i qu ids  

flow with an energy loss due t o  f r i c t i o n  smaller t h a n   t h a t  experi- 

enced by Newtonian l i q u i d s  at comparable  Reynolds  numbers. In  

addi t ion ,  the f luid  dynamicis t  i s  i n t e r e s t e d   i n  t h i s  problem be- 

cause it may shed some l i gh t  on t h e  mechanism of turbulence for  a 

Newtonian l i q u i d .  

While most f l u i d s  are completely  described by t h e   l i n e a r  re- 

l a t i o n s h i p  between the shear stress and shear rate, ca l l ed  Newton's 

l a w  o f   v i scos i ty ,  non-Newtonian f l u i d s  have e i ther  an  add i t iona l  

property or a nonl inear   func t iona l   re la t ionship  between the  shear 

stress and shear  rate, or  both (1,2). There has been a s i g n i f i c a n t  

amount of work published on purely  viscous non-Newtonian f l u i d s  

which agrees wi th  the   semi- theore t ica l   express ions   der ived  ( 3 , k ) .  

These f l u i d s  appear t o  have a f r i c t i o n   f a c t o r   v e r s u s  Reynolds num- 

ber dependence t h a t  i s  independent of pipe diameter. "he nonl inear  

func t iona l   r e l a t ion  most o f t en   u sed   t o   cha rac t e r i ze  t h e  propert- ies  

of  a pure ly   v i scous   l iqu id  i s  the power law r e l a t i o n  ( 5 ) ,  

t = a 
du n 
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This   re la t ion ,  however, does not  describe  any  of  the  unequal  normal 

stresses appearing  in  many f l u i d s .  

An e las t ico-v iscous   f lu id   has  a non-Newtonian rheology  that  

gives  it one of   the   p roper t ies   o f  a s o l i d ,   e l a s t i c i t y ,  and may o r  

may not have a nonlinear  shear stress versus  shear rate re l a t ion -  

s h i p   ( 6 , 7 , 8 ) .   E l a s t i c i t y   g i v e s   t h e   f l u i d   t h e   a b i l i t y   t o   s t o r e  

energy  reversibly and induces  normal stresses. A complete de- 

s c r i p t i o n   o f a f l u i d ' s   p r o p e r t i e s ,  a const i tut ive  equat ion,  when 

expressed  in a tensor  form must obey c e r t a i n  laws of  invariance, 

making the  material cons tan ts   o r   p roper t ies   o f   the   cons t i tu t ive  

equat ion   d i f f icu l t   to   eva lua te   exper imenta l ly  (9, 10, 11). As yet ,  

there i s  no means of  measuring  the  constants  necessary  for  describ- 

ing the proper t ies  as predicted  from the  more complete, and there-  

fore , .  more complicated sets of   cons t i tu t ive   equat ions   for   e las t ico-  

viscous f l u i d s .  The only  instance  of  success  involves the corre- 

l a t ion   o f   t he  normal stresses i n  laminar  flow  with the shear 

reduction i n  turbulent   f low (12). All e x i s t i n g   d a t a   f o r  f l u i d s  

which are c l a s s i f i e d  as being  e las t ico-viscous  indicate  that, 

un l ike   the   pure ly   v i scous   f lu id ,  t h e  f r i c t i o n   f a c t o r   v e r s u s  Reynolds 

number co r re l a t ion  is dependent on tube diameter (4,13). 

Spec i f i ca l ly ,   t h i s   r epor t   desc r ibes  an experimental  study of 

d i l u t e  (0.05s by weight)  concentrations  of CMC 7HSP flowing i n  

tubes  of two different   diameters  (0.650" I D  and  1.427" I D )  with a 

flow rate between 1.5 gal./min. and  275 ga l jmin .  Measurements of 
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pressure  drop,  viscosity,  and bulk  velocity  allowed a ca lcu la t ion  

of t h e   f r i c t i o n   f a c t o r   f o r  Reynolds  numbers,  based on a power l a w  

viscosity,   from 6.0 x 10 t o  4.6 x 10 . Veloc i ty   p ro f i l e s  were de- 

termined at s ix  Reynolds  numbers in   the   l a rge   p ipe  and  seven i n  

the  small pipe (using a probe .005" t h i c k  which  allowed  measurements 

c l o s e   t o   t h e  wall) in   o rde r  t o  test  the  convent ional   re la t ionship 

between @ and q, i.e ., the  law-of-the-wall  parameters. 

3 5 

In keeping with the f luid  mchanics   viewpoint ,   the  major 

e f fo r t   has  been i n  the determination of v e l o c i t y   p r o f i l e s  so t ha t  

t he  radial zone a f fec ted  by t h e  non-Newtonian proper t ies  might be 

located. As measurements  of  elastico-viscous  flow  in the l i n e a r  

sublayer zone  have not  been made previously, it must be expected 

t h a t  these r e s u l t s  are s u b j e c t   t o  a c e r t a i n  amount of e r r o r  and 

f 'ur ther   ver i f icat ion.  It is  not t h e  in t en t ion  of t h i s  r e p o r t   t o  

p re sen t   conc lus ive   so lu t ions ,   bu t   r a the r   t o   c l a r i fy   t he  problem 

and s ingle   ou t  the areas for   fur ther   s tudy .  

FLUID CHARACTERISTICS 

Additive  Selection 

A t  the conception  of  these tests, the f luid  property  responsi-  

b l e   f o r  t he  large  shear   reduct ion was not known, although there 

were indica t ions  t h a t  t h i s   p rope r ty  was not the non-linear,  shear 

s t ress -shear  rate relat ionship.   Therefore ,   the  test f l u i d  was 

selected on the basis of i t s  l i n e a r i t y .  If a f luid  could be found 
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which had a l i n e a r   v i s c o s i t y  and ye t  reduced the  turbulen t   sk in  

f r i c t ion ,   t hen  the property  causing the sk in   f r i c t ion   r educ t ion  

must be a property  other   than  viscosi ty .  

Six f l u i d s  were examined t o  determine their  v iscos i ty ,   tu rbulen t  

shear r educ t ion   ab i l i t y  and r e l a t i v e   d e t e r i o r a t i o n  time. Since  the 

f a c i l i t y  used was of t h e  r ec i r cu la t ing  type, f l u i d  de t e r io ra t ion  

was an  important  cri terion i n  f l u i d  se lec t ion .  The f l u i d   v i s c o s i t y  

fo r   t he   s e l ec t ion  of the   addi t ive  was measured on the Fann Model 

35 ro ta t iona l   v i scometer   us ing   ro tors   o f  two d i f f e r e n t  diameters. 

Reduction in   t u rbu len t   sk in   f r i c t ion  was determined by subjec t ing  

the f l u i d  t o  the shear  produced by  an  enclosed  rotating disc,  

and observing the power required t o   t u r n  the constant RF" motor t o  

which the d i s c  was fixed.  Degradation  of f l u i d  p rope r t i e s  was 

observed by measuring the v iscos i ty  and shear reduction as a 

h n c t i o n  of time. 

The f l u i d s  tested were 0.05% solut ions  of  the following addi- 

t i ves :  

1. 

2. 

Jaguar - bas i ca l ly  a galactomannan  which cons i s t s  of a 

high molecular weight, carbohydrate  polymer  having  galac- 

tose  branches; a product of the  S te in  Hall Company. 

CMC 7 HSP - a high molecular weight ce l lu lose  g u m  of sodium 

carboxymethylcellulose; a product of the Hercules Powder 

co. 
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3. 

4. 

5. 

6 .  

J-2P - a guar g u m  der iva t ive  similar t o  Jaguar   but  it has 

preserva t ives  added t o  inh ib i t   degrada t ion;  a product of 

Westco  Research, a d i v i s i o n  of t h e  Western Company. 

Reten 205M - a strongly  cationic  high  molecular  weight 

syn the t i c  polymer; a product of the  Hercules Powder Company. 

- 

Natrasol 250 HHR - a ce l lu lose  gum similar t o  CMC but it 

is  nonionic and has a hydra t ion   inh ib i te r ;  a product of 

the  Hercules Powder Company. 

Polyox N3WO - a water-soluble   res in  made from  ethylene 

oxide  polymers; a product of t he  Union Carbide  Corp. 

The results of   the degradation tests performed with domestic 

water   ind ica ted   tha t  CMC degraded less than  J-2P which, i n  turn,  

was  more stable than any of the   o the r   so lu t ions  tested. The v i s -  

c o s i t y  comparisons  indicated  that   the   J-2P and CMC s o l u t i o n s   a l s o  

had a viscosi ty   index "n"  which was c l o s e r   t o  1.0. As t h e  CMC 

solution  degrades,  it I s index  rapidly  approaches 1.0. Although 

t h e  CMC is  s l i g h t l y  more non-l inear   than  the J-2P (n = 0.95 for  

the  J-2P as opposed t o  0.93 for  t h e  CMC) as determined  from the 

v i s c o s i t y  tests, t h e  CMC goes i n t o  a t rue   so lu t ion  while the  J-2P 

forms a suspension  only.  For  these  reasons,  the CMC was chosen 

as t h e   a d d i t i v e   t o  be used. CMC is also non-associating, free 

draining,  random c o i l i n g  and s l i g h t l y   a n i o n i c   i n   d i l u t e   s o l u t i o n s  

(14). In   addi t ion,  CMC has the  fol lowing  character is t ics :   widely 
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used in   the   chemica l   indus t ry ,   phys io logica l ly   iner t ,   eas i ly   so luble  

i n  water  and stable i n   d r y   s t o r a g e .  It is  synthesized  by  react ing 

a well pur i f i ed   ce l lu lose   t ha t   has  first been a l k a l i   t r e a t e d   w i t h  

sodium monochloroacetate. The CMC'j'HSP used  has a s u b s t i t u t i o n  

of only 0.65 t o  0.95 (of a poss ib l e  3 )  sodium  carboxymethyl  groups 

per anhydro  glucose  unit. The S i n   t he   add i t ive   des igna t ion  mans 

t h a t  it has  been  developed t o   g i v e   t h i x o t r o p y  free so lu t ions .  

Mixing  apd  Handling 

Since CMC i s  hydroscopic  (equilibrium  moisture  content at 77'F 

and 5046 re lat ive  humidi ty  i s  IS$), grea t   ca re  was taken t o  maintain 

the  moisture  content  constant  from i t s  determination t o  the  weigh- 

ing  of the  additive  immediately before mixing. There are two steps 

i n   t h e  mixing of the  CMC addi t ives   wi th   water .   F i r s t ,   the  powder 

i s  d i spe r sed   i n   t he   f l u id  so t h a t  it will present t h e  la rges t   pos-  

s i b l e   s u r f a c e  area for   hydra t ion .  Second, t he   add i t ive  i s  allowed 

t o  hydrate and swell as it goes   in to   so lu t ion  with the  water. If 

step one is improperly  carried  out,  a lumpy, inso luble  mass ensues 

that  has  unhydrated CMC i n   t h e   c e n t e r .  The method fo r   d i spe r s ion  

used i n   t h e  tests was t o  pour the powder onto a f i n e  mesh screen 

where it was broken i n t o  a dus t .  Then t h i s   d u s t  was sprinkled 

i n t o  the vortex formed  by discharging the system pump i n t o  a 55 

gal lon drum which was mounted i n s i d e  t h e  400 gallon r e se rvo i r  and al- 

lowing the overflow t o  f a l l  i n t o  t h e  r e se rvo i r .  T h i s  method worked ef-  

f ic ient ly   throughout  t h e  t e s t s  and allowed a 400 ga l lon   so lu t ion  t o  
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be mixed i n  a few minutes. The volume of the domestic water was 

determined  from  the  flowmeters  used  in  the test. 

Proper t ies  

Since  there  was no method by  which the e las t ic   p roper t ies   could  

be determined at t h e  low concentrations  used,  only  the  viscosity 

was masured. This v i scos i ty  was found t o  be s l igh t ly   non- l inear  

and i s  charac te r ized   in  t h i s  repor t   us ing  the  power l a w  approxi- 

mation. It must be pointed  out t ha t  t h i s  approximation  does  not 

inc lude   e i ther   the  normal stresses or   e las t ic i ty   thought   necessary  

t o   d e s c r i b e  the CMC properties  completely, bu t  it i s  t h e  bes t  

ava i lab le .  

The Fann Model 35 concentric  cylinder,   rotational  viscometer 

was used t o  monitor the f l u i d  v i scos i ty  at t h e  test s i te  throughout 

the experiments. These masurements were used i n  the reduction of 

a l l  the experimental   resul ts .  The Fann viscometer, which has a 

usable  shear rate range  from 542 t o  3252 secl', was ca l ibra ted  

throughout  the tests with water. The narrow shear  rate range 

necessi ta ted a d i f fe ren t   v i scometer   to  check t h e  non-l inear i ty  of 

the v i scos i ty  at the  higher shear rates experienced  in   the tests. 

The Merrill Brookfield High Shear viscometer was used t o  extend 

the  shear rate range  investigated t o  70,000  see:' (shear rate at 

which pa ra l l e l   f l ow breaks down). A s  shown in  Figure 1, t h e  power 

l a w  r e l a t i o n  i s  va l id  up t o  the maximum shear rate at which the 

shear stress is accurate.  Although the  maximum shear rate used  in 
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the   de te rmina t ion   of   v i scos i ty  is less than   tha t   p roduced   in   the  

pipe, experimental ev idence   i nd ica t e s   t ha t   fo r   d i lu t e   concen t r a t ions  

of some polymer  additives,   the power l a w  i s  s t i l l  v a l i d   f o r   s h e a r  

rates up t o  325,000 set:' (15). 

In   genera l ,   the  power l a w  charac te r  of t h e   v i s c o s i t y  makes it 

more imperative t o  account   for  t h e  va r i a t ion  of shear rate with 

r a d i u s   i n  the viscometer  measurements (1, 16). I n  a l l  ins tances  

with t h e  rotor-stator  combination  used i n  the  Fann viscometer, 

t h i s   v a r i a t i o n  was neglected,   s ince  the  shear  rate determined  from 

the   angular   ve loc i ty   o f  the outer   cy l inder   devia ted  less than l/3 

of 1$ from  the true shear  rate. I n  t h e  Merrill Brookfield  viscome- 

ter, the   dev ia t ion  was even less and was also neglected.  

Figure 1 a l s o  shows the r e l a t i v e l y  small temperature  dependence 

o f   t he   d i lu t e   so lu t ions   u sed .   In  most ins tances ,   the  temperature 

of t h e  f l u i d  when tested i n   t h e  Fann viscometer was di f fe ren t   f rom 

tha t  a t  which the  pipe  flow  experiment was run. However, t h e  

v i s c o s i t y   v a r i a t i o n   f o r   t h e  small temperature   differences  present  

was interpolated  l inear ly   with  temperature ,  and it is believed 

t h a t   t h e   e r r o r  i n  t h i s  method was negl ig ib le  compared t o   t h e   a c -  

curacy (+ - 2%) of the   overa l l   v i scos i ty   de te rmina t ion .  Others (17) 

have  noted  that  30°F t empera ture   d i f fe rences   in  the turbulen t  flow 

o f   d i l u t e  CMC so lu t ions  have r e l a t i v e l y  small inf luence on t h e  shear- 

ing   r e s i s t ance .  
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Degradat ion  of   the  f luid  propert ies  was noted  throughout  the 

tube  flow  experiments.  This  degradation  appears t o  be  both  shear 

and time dependent. New so lu t ions  were mixed whenever the  power 

l a w  exponent  varied by mre than 2% from  one  run to   another .  The 

coe f f i c i en t ,  a, i n   t h e  power law v i s c o s i t y   r e l a t i o n  was not con- 

t r o l l e d ,  however,  and was allowed to  vary.  This  arrangement  allowed 

the  same s o l u t i o n   t o  be used as many as three days  without  change. 

The va r i a t ion   i n   t he   v i scos i ty   coe f f i c i en t   w i th  time between tes t  

fluid  samples was assumed t o  be l i n e a r  and accounted  for by i n t e r -  

polat ion of the   typ ica l   da ta   p resented  i n  Figure  2. While a 

varied between 3.77 x and 5.22 x lom5, n varied between 0.93 

and 0.95. The actual   values   of  a and  n corrected  for  tempera- 

ture and degradation are shown i n  t he   t abu la t ed   ve loc i ty   p ro f i l e s .  

EXPERI"AL APPARATUS AND TEST PROCEDURES 

F a c i l i t y  

The f a c i l i t y  shown i n  Figure 3 i s  e s s e n t i a l l y  a closed  loop 

system  with a s t i l l i n g   t a n k  and f l e x i b l e  hose  feeder added t o  pro- 

vide smooth, surge-free  flow. I n  o r d e r   t o  eliminate any i r r e g u l a r i -  

ties, the two tes t  sec t ions  (0.650" I .D.  and  1.42'7" I .D.  )were 

polished smooth at the  start and per iodica l ly   dur ing   the  tests. 

Fully  developed  turbulent  pipe  flow  of  the non-Newtonian f l u i d  was 

assured by having  140  pipe  diameters  upstream of the  tes t  sect ion.  

The two pressure manometers (a 10" nul l   balance micromanometer  and 
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a 6' mercury water U-tube ) could be connected  across  any two of 

t h e   s t a t i c   p r e s s u r e  taps t o  provide a check of the   p ressure   d rops  

measured. The checks with water i n   b o t h  pipes at t h e  start of the 

tests and with CMC i n   t h e  small pipe throughout  the tests indica ted  

no  systematic   differences between the   p re s su re  taps. During  the 

experiments   in   the large pipe, two sets of p re s su re   t aps  became 

inoperat ive due t o  the  chemical   a t tack of t h e  CMC on the  aluminum 

clad  tubing, and prevented a check of the  pressure d a t a   i n   t h a t  

pipe. Three flowmeters were requi red   to   cover  the desired  range  of 

flow rates: a 300 gal./min.  Smith t o t a l i n g  flowmeter, a 60 gal./min. 

Smith t o t a l i n g  flowmeter, and a 3/8" Pottermeter  (1s t o  4 gal./min. ). 

These  flowmeters were bel ieved  accurate   within -k 2% by previous 

ca l ib ra t ion   w i th   o i l .   Coo l ing   co i l s  were i n s t a l l e d   i n   t h e   s t o r a g e  

tank   to   main ta in  the  tes t  fluid  temperature  throughout a series of 

runs.   Fluidtemperaturewas measured both i n  t h e  s torage   t ank  and 

- 

at the  end of the  22-inch  feeder   l ine.  

Instrumentation 

I n   o r d e r   t o  measure v e l o c i t i e s   i n s i d e  the sublayer, a probe  of 

small dimensions was needed.  This  probe  consisted of f i v e   t e l e -  

s cop ing   s t a in l e s s s t ee l   t ubes  as shown in   F igure  4. The probe t i p  

was formed by i n s e r t i n g  a copper wire i n  t h e  s t a i n l e s s  steel  tubing, 

heating  the  . tubing t o  a cherry red temperature m d  then hammering 

t h e  tube  f la t .  After e tch ing   ou t  the copper wire with s u l f u r i c  

acid,  the tubing was ground t o  the  proper  dimension. The radial 

10 
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pos i t i on  of the probe t i p  i n   t h e  pipe was indicated by a depth 

micrometer  which  measured the  displacement of the  probe t i p  from 

t h e   p o i n t  where it made electrical contac t   wi th   the  wall. The over- 

all e r ro r   i n   t he   de t e rmina t ion   o f   t he  probe pos i t i on  i s  b e l i e v e d   t o  

be less than 0.0005 inches. The measurement errors due t o   v e l o c i t y  

gradient,  wall interference,   turbulence and static p res su re   t ap  

loca t ion  will be discussed later. 

A d i f f e ren t i a l   p re s su re   t r ansduce r  was used t o  determine t h e  

dynamic pressure   in   o rder   to   reduce   the  time t o   t a k e   t h e   v e l o c i t y  

readings;  the  response time was decreased  by a fac to r   o f  4000 i n  

using a pressure  transducer  instead of a +-inch U-tube water-oi l  

manometer. The pressure  transducers were calibrated using a nricro- 

manometer having .0002 inches  of water s e n s i t i v i t y  and a secondary 

standard  mercury manometer. The output of t h e  pressure  transducer 

was first  amplified  by a CEC carr ier  system,then by a Kintel  DC 

amplif ier ,  and the  system  output was displayed on a Hewlett Packard 

1 Mv, three p lace   d ig i ta l   vo l tmeter .  By c a l i b r a t i n g  .the transducer 

over  several   decade  ranges,   adjusting  the  gain  in  each of these 

ranges t o   g i v e  a 1000 mV output and usin( :  h i g h  accuracy manometers 

f o r   c a l i b r a t i o n ,   t h e   o v e r a l l   e r r o r   i n  .the instrumentation  system 

was determined t o  be less than - + 3/45. Several   capaci tors  were 

used  in  the o u t p u t   c i r c u i t   t o   e l i m i n a t e   f l u c t u a t i o n s   i n  Lhe pres- 

sure readings. 
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Test  Procedures 

Since  the most important  measurements were of f lu id   ve loc i ty ,  

the  experimental  procedure was designed t o  minimize  any errors 

which  might  be  present i n  the   ve loc i ty   ins t rumenta t ion .   Af te r  

first adjust ing  the  f low rate t o  the   des i red   va lue  and allowing 

t h e  f l u i d  temperature t o   s t a b i l i z e ,   t h e   f a c i l i t y  was shut  down and 

the   ze ro   d i f f e ren t i a l   p re s su re  on the   t ransducer  was read. Then 

the   f low was s t a r t e d  and allowed t o   s t a b i l i z e   b e f o r e   a n   e l e c t r i c a l  

ind ica t ion   of   the  wall pos i t i on  was made. The v e l o c i t y   p r o f i l e ,  

pressure drop, flow rate, and temperature were then  masured 

simultaneously. If t h e r e  were any apprec iab le   d i f f e rences   i n  any 

of the  last three of   the above quan t i t i e s , t he   run  was discarded and 

repeated a t  a later time. The v i s c o s i t y  was measured after every 

fou r  hours of running, and t h e   f l u i d   v i s c o s i t y  at intermediate  

times was in t e rpo la t ed   l i nea r ly  from these  data. 

RESULTS AND DISCUSSION 

There  have  been  several  experimental  programs  performed  pre- 

v ious ly  (3, 4, 17) t o  determine the   t u rbu len t  and laminar f l o w  

cha rac t e r i s t i c s   o f  more concentrated CMC so lu t ions .  The l a rge  d i f -  

f e rences   i n   f l u id   p rope r t i e s ,  however, prevent any close  comparisons 

of experimental   resul ts .  Even in   i n s t ances  where t h e  same concen- 

t r a t i o n s  of a s ing le  polymer addi t ive   a re   used ,   the   f lu id   v i scos i ty  

i s  most o f t e n   d i f f e r e n t  and dependent upon the   so lvent   pur i ty  (18). 

12 



I n   a d d i t i o n ,   t h e   f l u i d   e l a s t i c i t y  may be af fec ted   by   the   so lvent  

p u r i t y   i n  a manner t h a t  is d i f f e r e n t  from t h a t   o f   t h e   v i s c o s i t y .  

Also, s ince   t he   e f f ec t s   o f   t ube  diameter are unknown, no  compari- 

sons can be made between da ta   t aken   i n   t ubes   o f   d i f f e ren t   s i ze s .  

These e f f e c t s  have  prevented t h e  cross  checking of experimental  re- 

su l t s , and   fo r   t h i s   r ea son ,a l l   o f   t he  data repor t ed   he re in   a r e   fo r  

a s ingle   f luid  viscosi ty   index  within  experimental  limitations. 

Basically,   the  problem of specifying the  co r re l a t ion   o f   t he  

t u r b u l e n t   f r i c t i o n   f a c t o r   w i t h  the  Reynolds number reso lves  itself 

i n t o  two dependent  parts: first, .the  determination  of t h e  complete 

r e l a t i o n  between shear stress and shear rate; second,  the determi- 

na t ion  of ve loc i ty  as a funct ion of radial pos i t ion  i n  terms of 

universal   constants.   Universal   constants are those which  can be 

determined  experimentally and  can be a p p l i e d   t o  a physical  boundary 

layer   f low field independent  of  fluid type, free stream  velocity,  

and surface  geometry.  These two processes will now be  considered 

i n  detail.  

A t  p resent ,   the  f l u i d  p r o p e r t i e s   t h a t  can be measured a r e  i n -  

comple te   s ince   they   neglec t   e las t ic i ty ,  and t h e  power l a w  r e l a t i o n  

used is, at best ,   only  an  approximation  for t h e  viscous  propert ies .  

However, t h i s   v i scos i ty   cha rac t e r i za t ion  worked reasonably well f o r  

f r i c t ion   f ac to r   p red ic t ion   i n   l amina r   f l ow ( 5 )  and therefore  was 

extended to   tu rbulen t   f low.   In   addi t ion ,  the power law was used t o  

change severa l   parameters   in   the   un iversa l   ve loc i ty   cor re la t ion ,  



u/u* = A loglo U ~ / Y  + D, known as the  l a w  o f   t he  wall, which was 

expected t o  p red ic t   t he   co r rec t   ve loc i ty   p ro f i l e s .   S ince   t he  power 

l a w  viscosity  changes  with radial d is tance   ( shear  rate), i n  t h e  

past it was thought  necessary t o  account for  t h i s   e f f e c t  i n  a l l  t h e  

turbulen t   ve loc i ty   cor re la t ions   (4 ,19 ,20) .   This  changed the usua l  

parameter   for   the   rad ia l  change of ve loc i ty ,  yu*/V, t o  p y uy /a, 

which made the   theore t ica l   ve loc i ty   g rad ien t   vary  as a funct ion  of  

n. However, i n   t u rbu len t  flow, v i s c o s i t y  i s  most important at t h e  

wall and serves  as a reference parameter only for   the  remaining 

v e l o c i t y   f i e l d   s i n c e   t h e  momentum i s  t ransfer red   th rough t h e  f l u i d  

by a macroscopic  process  rather  than a microscopic  process.  There- 

fore  the  usual  "law-of-the-wall"  parameters were used with  only  the 

viscosity  modified, as shown below. 

n 2-n 

The or ig ina l   formula t ion  of the  law-of-the-wall was based on 

experimental   observations  in a pipe,   dimensional  analysis,  and the  

formulation of some s imple   s imi la r i ty  laws (21).  This  formulation 

is based on the  shear   veloci ty ,  u* = T ~ Q  , at the  w a l l  and t o  be 

consistent  within  the  assumption of t h e   s i m i l a r i t y  laws, t h e   v i s -  

c o s i t y  must a l s o  be determined at the  w a l l .  Therefore,   defining 

2 

7 

uw = -* 
and assuming t h a t  t h e  power law app l i e s  at the wall 

we have, after s u b s t i t u t i o n ,   t h a t  
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This  value of v i s c o s i t y  at t h e  w a l l  was used in   t he   r educ t ion  of 

a l l  t h e   v e l o c i t y   d a t a   t o   t h e   u n i v e r s a l  form. 

Using the   un ive r sa l   ve loc i ty   co r re l a t ions   w i th   t he   cons t an t s  

A and D determined  experimentally, Prandt l  (22) found it was pos- 

sible t o  d e r i v e   t h e   f r i c t i o n   f a c t o r   v e r s u s  Reynolds number r e l a t i o n -  

ship.  Nikuradse (23), by using  his   experimental  results t o  modify 

s l i g h t l y   t h e   c o n s t a n t s   d e r i v e d   f o r   t h i s   r e l a t i o n ,   p r e d i c t e d  a l l  the  

experimental  data up t o  a Reynolds number of 3 x 10 . This   re-  

l a t i o n  i s  used later f o r  t h e  comparison of experimenbal data with 

Newtonian theory.  

6 

Although a new Reynolds number could be based on the  uw, at t h e  

present  it i s  b e t t e r   f o r  two reasons t o  cont inue   wi th   the   ex is t ing  

power l a w  Reynolds number, Rn = 8[2 (3+l / r1) ] -~  [ p d n  ii2-n/a] , 
derived  from l a m i n a r  f low  considerations ( 5 ) .  F i r s t ,  a l l  of t h e  

prev ious   exper imnta l  data have  been  presented and compared on t h i s  

basis and a d i f f e r e n t  Reynolds number would only  increase  the  pre- 

sent  confusion of experimental   resul ts .  Second, the  uw presupposes 

knowledge of the  T which is  the quan t i ty  that the  corre1.ation 

should  predict .  Therefore, t h e  u n i v e r s a l  ve loc i ty  data w i l l  be 

presented i n  terms of  uw, while t h e  f r i c t i o n  fac-Lor vs.  Reynolds 

number d a t a  w i l l  be presen-ted i n  terms of . 

W 

‘n 



Veloci ty  Measurements 

As mentioned previous ly ,   the   ve loc i ty   da ta  i s  s u b j e c t   t o   f o u r  

e r r o r s  of measurement and each of these  w i l l  be  considered  before 

d i scuss ing   t he   ve loc i ty   r e su l t s .  A t  low  probe  Reynolds numbers, 

t he   v i scous   ac t ion  of the   f l u id   i nc reases   t he   s t agna t ion   po in t  

pressure  and a to ta l   p ressure   p robe   g ives  a false indica t ion  of t h e  

s tagnat ion pressure. A t  the   lowest   veloci ty  used i n  these  tests, 

t h e   t i p  Reynolds number based on the  probe t i p  heighl; i s  approxi- 

mately 50 which makes the   ve loc i ty   ind ica ted  by the  probe  approx- 

mately 0.5 percent  low (24). The e f f e c t  of t h e  l a rge   ve loc i ty  

g r a d i e n t s   c l o s e   t o   t h e  wall i s  -Lo d i sp lace  .the  point a t  which the  

t rue   s tagnat ion   pressure  i s  measured away from the  wall (25). This 

phenomenon serves  t o  increase t h e  velocity  acl;ua.l ly measured. For 

the  probe  dimensions  used,  the  effective  center  of  the  probe  should 

be displaced by approximately  0.001  inch. The expected t u r b u -  

l ence   l eve l   a l so   s e rves   t o   i nc rease   t he  dynamic pressure measured 

at the   p robe   t ip ,   thereby   increas ing   the   ve loc i ty   s l igh t ly  (26). 

F in i t e   s t a t i c   t ap   d i ame te r   i nc reases  t h e  s t a t i c   p r e s s u r e  (27,28)  

and t h u s  reduces  the measured ve loc i ty  by less than 0.5 percent .  

Overall,  the  expected  probe and t a p  diameter e f f e c t s  %rould t e n d  t o  

decrease  the  integrated flow rates by less than 0.5 percent  while 

t h e   v e l o c i t y   c l o s e   t o   t h e  wall would be inc reased   s l i gh t ly .  

The forementioned r e s u l t s  are based on experimental   resul ts  

obtained  from measurements on Newtonian f l - u i d s .  In p a r t i c u l a r ,  
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most of t h e  possible e f f ec t ive   cen te r   co r rec t ions  have  been j u s t i -  

f i e d  by agreement  with  the  hypo-thesized l inear sublayer,  b u t  no  

such  hypothesis  has  been  demonstrated  experimentally for  non-Newtonian 

f luids .   Therefore ,  it was decided  not t o  make any &jus-Lment of 

t h e  data and p r e s e n t   t h e   o r i g i n a l  daLa f o r   i n d i v i d u a l   i n t e r p r e t a t i o n .  

All of the   ve loc i ty   da ta*  i s  presented  in  terms of t h e   t u r b u l e n t  

boundary layer parameters of @ and q. The s o l i d   l i n e  on each   p lo t  i s  

t h e  empirical express ion   for   the   tu rbulen t  Newtonian flow of f l u i d s  

proposed by J. D. Coles (29) ,  @ = 5.75 loglo 7 + 4.5. Fif:ure 5 

shows a typical p r o f i l e   f o r  water. As none o f   t he   co r rec t ions   d i s -  

cussed ea r l i e r  have  been made, Lhere i s  a tendency for the   d i sp lace-  

ment of the   p robes   e f f ec t ive   cen te r  away from t h e  wall t o   i n d i c a t e  

a g rea t e r  velocity than   tha t   ac tua l ly   p resen ' t .  A displacement  of 

t h e  e f fec t ive  center  by  only 0.002 inch would give excellent 

agreement  between t h e   v e l o c i t y   p r o f i l e  and t h e  empirical cu rve .  

Figures 6 through 12 and 13 through 18 p resen t   t he  resul ts  of 

t h e  measurement of tu rbu len t   ve loc i ty   p ro f i l e s   o f  0.05% CMC i n   t h e  

small pipe and large pipe respec t ive ly .  The @ , q r e l a t ionsh ip  i s  

based on the assumption t h a t   t h e r e  are th ree   d i f f e ren t   r eg ions  of 

flow as indicated  by the curve.  Fur '1 > 30, the  flow i s  f u l l y   t u r -  

bu len t  and t h e  e f fec t  of v i scos i ty  is r1ef;:Ligj.bl.e. For 11 < 8, 

t h e  f l o w  i s  e s s e n t i a l l y   l i n e a r  and viscosity  predominates.  The 
__- -. "_ -_____ 
* Tabula ted   ve loc i ty   p rof i les  are included  in  Appendix I. 



t h i rd   r eg ion  i s  a b u f f e r  zone  between t h e   o t h e r  two. 

Looking first at the   fu l ly   t u rbu len t   r eg ion ,   t he  most s i g n i f i -  

cant  effect i s  t h e   p a r a l l e l   s h i f t  of t h e   v e l o c i t y  by as much as 

2854 at the   h ighes t  Rn. From the  phenomenological  point of view, 

t h e   p a r a l l e l   s h i f t  means t h a t   t h e  mixing  length  remains  unchanged 

by the   e las t ico-v iscous   p roper t ies  of t h e   f l u i d   s i n c e   t h e   c o e f f i c i e n t  

of loglo 7 i s  dependent on the  mixing  length.   This   shif t   indicates  

t h a t  a f l u i d   p r o p e r t y   i n   a d d i t i o n   t o   v i s c o s i t y  is needed t o  corre- 

late t h e  data i f  the  mixing  length  concept is correct. Also, s ince  

t h e  magnitude o f  t he  s h i f t  i s  dependent on Rn, any   cor re la t ing  

para.meter must be a funct ion of the   f low f i e ld  as well. 

When a p l o t  i s  made i n  terms of the   ve loc i ty  defect l a w ,  

(U -u)/ U* = f(*/d), t h e  0.05% CMC so lu t ions   agree  well wi th   t he  

empi r i ca l   r e l a t ionsh ip  for Newtonian f lu ids .   Th i s  i s  t o  be ex- 

pected  since  the  mixing  length  parameter,  k, i s  unchanged. 

m 

From a physical   point  of view, the  constant   s lope  with  increas-  

i ng  R implies   that   - the mechanism of tu rbu len t  momentum transpor-t 

remains t h e  same a.nd i s  independent of Rn.  The decrease  in  magni- 

tude of the  turbulent;  mixing as reported by Metzner (4)  must then 

have only a ~ m l l  e f f e c t  on t h e  rates of momentum t r anspor t  at 

these  small concentrations.  

n 

The v e l o c i t y   p r o f i l e s  for -the small pipe will be cxarniried f irst  

for  ove ra l l   t r ends   s ince  t h i s  s e t  of' da ta   has  bo'tli Lhe (-;reatest 



R range and accuracy. The l i nea r   r eg ion   c lose  t o  t h e  wall d i s -  
n 

plays no  deviation from that expected  for Newtonian f l u i d s  at low 
4 Rn. Actually, at Rn = 1.33 x 10 , Figure 7, t he   ve loc i ty   da t a ,  

which is  uncorrected for displacement of e f f ec t ive   cen te r ,  shows 

a better agreement  with  the Newtonian correlat ion  than  the  uncor-  

rected  zero  concentrat ion measurements,  implying t h a t   t h e  n e t  

ve loc i ty   cor rec t ion  may be smaller fo r   e l a s t i co -v i scous   f l u ids .  

If one looks c lose ly  at the  region  between ‘1 = 8 and 9 = 30 i n  

Figures  8, 9 and 10, it appea r s   t ha t   t he   ve loc i ty   i n   t he   bu f fe r  

zone i s  uni formly   d i sp laced   in   p ropor t ion   to   tha t   in   the  fully 

turbulent   region.  This somewhat unexpected resu l t  would seem t o  

i n d i c a t e   t h a t   t h e   s i g n i f i c a n t   e f f e c t  of t he   e l a s t i co -v i scous  f l u i d  

properties I s  fe l t  I n   t h e   l i n e a r  sublayer next t o  the   wal l .  If 

one  hypothesizes  that   the  l inear  sublayer  remains unchanged  by the  

e las t ico-v iscous   p roper t ies ,   then   the   ve loc i ty   in   the  buffer zone 

should become asymptotic t o  the l inear   sublayer   ve loc i ty  a t  small 

‘1. This  d id  not happen as shown above and there  could be severa l  

reasons why it d i d  no t .   F i r s t ,   t he   ve loc i ty   i nd ica t ed  by the  probe 

may be inco r rec t .  Second, t h e  major elastica-viscous e f f e c t  may 

t r u l y  be i n  t h e  l inear  sublayer.   There i s  much evidence (30) t o  

suggest that the   l i nea r   sub laye r  is not  laminar at a l l  but  i s  com- 

posed of   longi tudinal  and t r a n s v e r s e   o s c i l l a t i o n s   c l o s e   t o   t h e  

w a l l .  If t h i s  were t r u e ,  it might explain why the   s teady   lan inar  

f l o w  fields of e l a s t i co -v i scous   f l u ids  can  be  predicted, and t h e  



I 

l i nea r   sub laye r  flow f i e l d s  of turbulen t   f low at higher  Reynolds 

numbers cannot. 

The remaining  f igures for  t h e  small pipe show a cont inuing  in-  

c r ease   i n   t he  upward displacement of t h e   v e l o c i t y  profile. There 

i s  no ind ica t ion  from the   ava i l ab le  data t h a t   t h i s   i n c r e a s i n g   d i s -  

placement will not   cont inue   for   even   la rger  R . n 

The la rge   p ipe  shows much t h e  same e f f e c t ;  however, t h e   d a t a  i s  

over a more limited range  (Figs. 13 through 18). A t  Rn = 9.80 x 10 , 
Figure 14, t he  same uniform  displacement of t h e   v e l o c i t y   p r o f i l e   i n  

the   buf fer   reg ion  is  noted. 

4 

When the  constant ,  D, in   the  law-of- the-wal l   re la t ionship for 

t h e  t w o  p ipe   s i ze s  i s  compared versus  R as in   F igure  19, t h e  

d i f f e rences  between the  f low i n  t he   d i f f e ren t   s i zed   p ipes   can  

r e a d i l y  be seen. The d i f fe rences   cor respond  exac t ly   wi th   tha t  which 

i s  observed i n  t he  f vs  R c o r r e l a t i o n ,   s i n c e   t h e   f r i c t i o n  factor 

is  an  inverse  funct ion  of  D. At; high Hn, . t h e   f r i c t i o n   f a c t o r  for  

t h e  small pipe i s  less than   tha t   o f   the   l a rge   p ipe ,   whi le  at low 

Rn J 

the   oppos i te  i s  t r u e .  Based on Figure 19, it is easy enough 

t o   p r e d i c t  what will happen i n   t h e s e   s i z e s  of p ipe   w i th   t h i s   pa r -  

t i cu l a r   f l u id   bu t   such  a cor re la t ion ,   wi thout   addi t iona l   da ta ,  

would be use l e s s   fo r   ex t r apo la t ion  t o  o ther   f lu id   concent ra t ions  or  

p ipe   s izes ,  and is  therefore  omitted.  

n’ 

n 

The ve loc i ty   p ro f i l e s   ob ta ined  show no  agreement  with  the semi- 

t h e o r e t i c a l   r e s u l t s   p r e d i c t e d  by Granvi l le ,  Dodge and Metzner,  and 
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Clapp  for  power l a w  f luids ,   thereby  indicat ing  again  the  presence 

o f   e l a s t i c i t y   o r  some addi t iona l   p roper ty   o ther   than  a non-linear 

v i scos i ty .  

F r i c t ion   Fac to r  Measurements 

Shown i n  Figure 20 is  the  experimental   determinat ion of t h e  

f r i c t i o n   f a c t o r   v e r s u s  Rn c o r r e l a t i o n  for  both water and 0.05% CMC 

s o l u t i o n s   f o r   t h e  small pipe.  The Reynolds number f o r   t h e  tes t  

r u n s  with water were determined from t h e  flowmeter readings since 

the re  were no ve loc i ty   p ro f i l e s   t aken .  A l l  o f   t h e   d a t a   w i t h  CMC 

w a s  based on the   i n t eg ra t ed   ve loc i ty   p ro f i l e s ,  since these   p ro f i l e s  

were considered the most reliable piece  of   informtion  taken  f rom 

t h e  tests. A t y p i c a l   p l o t  from  which the   i n t eg ra t ed  flow rate was 

t a k e n i s  shown i n  FiLmre 21. Except fo r   s eve ra l   ve ry  low flow: rates 

on the  3/8 Pottermeter which were discarded, al l  of   the   in tegra ted  

p r o f i l e s  showed an   average   increase   in f lowra te  7% g r e a t e r  than 

t ha t   i nd ica t ed  by the  f lowmeters .   This   effect  i s  as yet  unexplained 

bu t  it i s  i n t e r e s t i n g   t o   n o t e   t h a t   o t h e r s  (17) using a d i f f e r e n t  

type  of  flowmeter  and  higher  concentrations  have  observed  the 

same va r i a t ion .  The maximum r e d u c t i o n   i n   s k i n   f r i c t i o n  ( =  48%) 

is observed at the  highest  Reynolds number i n   t h e  small pipe. 

Although t h i s   r e d u c t i o n   i n   s k i n   f r i c t i o n  i s  not   ins igni f icant ,  it 

is  small compared t o  what i s  usual ly   obtained at higher concen.Lra- 

t i o n s .  However, the  purpose of t h i s   s t u d y  was t o  obtain a l i q u i d  

having a power l a w  index, n, as c l o s e   t o  one  (Newtonian) as possible  

21 



i n  o r d e r   t o   s e p a r a t e   e l a s t i c   e f f e c - t s  from  viscous  effects.  It is  

i n t e r e s t i n g   t o   n o t e   t h a t  at R = 6 x 10 , there   appears   to  be an 

increase i n  f r i c t i o n   f a c t o r   f o r   t h e  non-Newtonian fluid.  Although 

the   overa l l   e r ror   o f   the   f r ic t ion   fac tor -Reynolds  numbers determi- 

nation i s  bel ieved  to  be less than - + 2$, at t h i s  low  flow rate, 

1.4 gal. /min., . the  experimental  error may account  for  the  increase.  

None of   the  exis t ing power l a w  turbulent   f low  correlat ions  predict  

the  curve  measured.  There  does n0.t appear  to be any appreciable 

increase i n  t he   t r ans i t i on  Reynolds number even  though  the  data 

does  not  completely  cover t h i s  range. 

3 
n 

I n  the   l a rge   p ipe ,   the   d i f f icu l t ies   wi th   the   p ressure   t aps  

required a more careful  scrutiny  of  both  the  water and CMC da ta .  

As shown i n  Figure 22, -the f r i c t i o n   f a c t o r s   f o r  water were determined 

both at the  beginning of -the t e s t s  and a t  the  end, and e i t h e r  from 

t h e  flowmeter o r  f rom  the   in tegra ted   ve loc i ty   p rof i les .  It is  

obvious  from t h i s  water  data t h a t  t he  CMC has had an  adverse  effect  

on the  accuracy of t h e  pressure  drops  indicated.  For t h i s  reason, 

it was decided to  use the  pressure  drop  da-ta  for . the CMC taken 

ea r ly  i n  t h e   t e s t s  (when there  was good agreement  between  the  experi- 

mental  and empir ica l   f r ic t ion   fac tors   for   water )  i n  combination 

w i t h  a separate  set of   in tegra ted   ve loc i ty   p rof i les   t aken   la te r  I n  

t he   t e s t s   t o   de t e rmine   t he   f r i c t ion   f ac to r s  used fo r   t he  O.O5$ CMC 

so lu t ions  i n  Lhe large  pipe.  A b u s t  f i t  strai[.:hl; l ine  throush t h e  

large  pipe CMC data  would be more p a r a l l e l  t o  the Newtonian curve 
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and  in te rsec t  at a lower Reynolds number than a similar l i n e  drawn 

through  the small pipe data. 

CONCLUSIONS 

The following  conclusions may be drawn from the  experimental  

d a t a  presented: 

1. The decrease i n   f r i c t i o n   f a c t o r  from t h e  Newtonian value 

with  decreasing  pipe diameter is  as reported  experimentally else- 

where. 

2. For   the low CMC concent ra t ions   used ,   the   f r ic t ion   fac tor  

i n d i c a t e s  no l a rge   i nc rease   i n   t he  Reynolds number for t r a n s i t i o n .  

3 .  The major effect  of the CMC so lu t ions  i s  a s h i f t  l i n e a r l y  

upward ( increasing wi th  Rn) of t h e  ve loc i ty   parameter   in   the   un i -  

v e r s a l  l a w  of t h e  w a l l  r e l a t ionsh ip .   Th i s   i nd ica t e s   t ha t  the mix- 

ing  length  constant  has  not  been  affected  by  the  elastico-viscous 

p rope r t i e s .  

4. The lack  of  agreement  with  the  correlations  proposed for  

pseudo-plast ic   or  power law f l u i d s  i nd ica t e s  t h a t  t h e r e  i s  an ad- 

di t iona l   p roper ty   requi red  t o  f u l l y  describe i ts  motion. 
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NOTATION 

a 

A 

C 

d 

D 

f 

n 

Q 

r 

R n  

U 

- 
U 

u* 

Y 

non-Newtonian f luid  property,   def ined by Eq. (1) 

dimens ionless   cons tan t   in   un iversa l   ve loc i ty   cor re la t ion  

concentration,  percent by weight 

pipe diameter 

d imens ionless   cons tan t   in   un iversa l   ve loc i ty   cor re la t ion  

f r i c t i o n  factor, 2 TJp U* 

non-Newtonian f luid  index,   def ined by EQ. (1) 

flow rate 

radial coordinate ,   d is tance  f rom  the  tube  center l ine 

power law Reynolds number 

ve loc i ty   i n   t he   x -d i r ec t ion  

bulk   ve loc i ty  (4Q/7rd2) 

f r i c t i o n   v e l o c i t y  ( T J  p)z 

normal  coordinate,   distance from t h e  w a l l  

1 

Greek le t te rs  

TW 

P dens i ty  

shear stress a t  t h e  wall 
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@ non-dimensional  velocity (u/uu) 

'1 

u viscos i ty  

non-dimensional  normal  coordinate (yuJu,) 

uw viscosity,   defined by EQ. (2) 
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APPENDIX I 

TABU 1 THROUGH TABU 13 

TABULATION OF VELOCITY PROFImS 

I 



TABLE I 

See Figure 6 
I R ~  = 6.012 x 10 3 

a = 3.770 X lom5 
n = 0.950 
ii = 1.66 
uw 

d = 0.0542 

= 1.373 X 10- 5 
U, = 0.11'70 

y [Inches] u [ f t . / s ecJ  

.0030 .416 
0035 .440 
. a 0  507 
.0&5 .463 
.0050 493 
0055 515 
.0060 .606 
.0065 .588 

. oM5 699 
0075 .623 

* m 5  .728 
.On5 .851 
.0135  .914 
00155 .988 

.0215 1.238 
0255 1.261 

00355 1.462 
.0455 1.520 
0655 1.689 
(3355 1.726 

.1225 1.849 

.2225 2.02 

.2725 2.064 
3225 2.080 

0175 1.078 

1725 1.940 

TABLE I1 

See Figure 7 

d = 0.0542 
R, = 1.327 X 10 

s = 3.747 x 10 
n = 0.950 
U = 3.50 

-5 

- 
= 1.282 X 10-5 

u* = 0.2104 
y [Inches] u [ f t  ./set.] 
.0030 .863 

.0040 .828 
,0045 1.170 
,0050 1.284 

0 0035 -633 

0 0055 1.490 
,0060 1.599 
.0065 1.704 
.0075 1.750 
.Om5 1.992 
0095 2.031 

.Oll5 2.481 
-0135 2.656 
0155 2.522 

.0175 2.656 

.0215 2.875 
0255 3 055 

9 0355 3.125 
A455 3 295 
3555 3.488 
0855 3 585 

.1225 3.785 

.I725 4.09 

.2225 4.31 
,2725 4.449 
3225 4 51.3 

TABLE: I11 

See Figure 8 
Rn = 3.183 X 10 

a = 4.401 X 10- 
n = 0.941 
U = 8.82 

d = 0.0542 5 

- 
= 1.285 x 10- 5 U* uw = 0.4331 

y [Inches 1. u [ f t  ./set.] 
.0030  5.36 
0035 5.47 

.0040 5.64 

.0050 6.04 
0055 6.145 
.0060 6.34 
-0065 6.43 
.0075 6.76 
.0085 6.88 
(3395 6.95 

.On5 7.17 
0135 7.29 
0155 7.385 

.O175 7.48 
,0215 'I. 60 

0355  7.98 
0455 8.25 
0655 8.60 
M55 8.98 

.0&5 5.89 

0255  7.78 

.1225 

.I725 
9.32 
9.85 

.2225 10.15 

.2725 10.46 
3225 10 59 



TABLE V 
See Figme 10 
R = 1.128 X 10 

d = 0.0542 
a = 4.510 X 10- 5 
n = 0.941 
U = 29.7 

5 

= 1.167 X 10- 5 
vW 
U+ = 1.15 
Y [Inches] u [ft./sec.] 

.0030 20 -99 
0035 21.30 

.0040 21 993 

.m45 22 .45 

.0050 22.68 
0055 23 09 

.0060 23 65 

.0065 23.77 
0 0075 24.14 
.0085 24.20 
0095 24 59 

.0115 24.92 
00135 25 37 
-0155 25.61 
0175 26.01 

.0215 26 39 
0255 26.62 

-0355 27.60 
00455 28.21 
0655 29.24 

. a 5 5  30.37 

.1225 31 929 

.2225 33.65 

3225 34.61 

.1"/25  32.67 

02725  34.28 

TABLE VI 
See Figure 11 
IR = 1.454 X 

d = 0.0542 
a = 4.538 X 10- 5 
n = 0.941 
ii = 38.0 
vW 

= 1.144 X 
U+ = 1.412 
Y [Inches] u [ft./sec.] 

.0030 26 95 
0035 26.85 . 0040 27.77 

.0045 28.62 

.OO50 29.16 
0 0055 29.59 
.0060 29 75 
00065 30 25 
0075 30.92 

.Om5 31.48 
ow5 31 9 75 
,011 5 32.21 
0135 32 72 

9 0155 33.03 
.O175 33.33 
.0215 33.99 
00255 34 50 
0355 35.5 

00455 36.44 
9 0655 37 06 
0855 38.6 

.1225 40.2 

.1725 41.6 

.2225 42.85 
a2725 43 75 
3225 44.05 

TABLE IV 
See Figure 9 4 
kt- = 6.991 x i o  

d I' = 0.0542 
a = 4.428 X 
n = 0.91 
ii = 18.6 

= 1.197 X 10- 5 

u* vw = 0.796 
Y [Inches] u [f't./secj 

.0030 12.71 
0035 12 59 

.odro 13.01 
-0045 13.46 
.0050 13.61 
0055 13.98 
.0060 14.29 
. a 5  14.49 
0075 14.78 

00085 14.78 
0095 15 923 

.on5  15.42 
0135 15.62 

90155 15  -91 
0175 16.11 

.0215 16 9 39 
0255 16.63 

-0355 17.17 
00455 17.62 
- 6 5 5  18.09 
. a 5 5  18 .go 
.1225 19.71 

.2225  21.48 

.1'i'25 20.70 

e2725 21.99 
3225 22.21 



w 
0 

TABLE VI1 
See  Figure 12 
I R ~  = 2.105 x 10 5 
d = 0.0542 
a = 4.538 X 10- 5 
n - = 0.941 
u = 53.9 5 
uW 
U* = 1.902 

= 1.102 x 10- 

y [Inches) u [ft./sec.] 
.W30 38.46 
0035 - 39.99 
.0040 40.99 
.0&5 41 75 
.OO50 42.50 
0055 42.80 

. d o  43 049 

. m o  44 9 75 

. W O  45.20 

.OllO 45 0 99 

.0130 46.60 

.0210 48.3 

0350 50 76 

.0070 44.00 

.0150  47.25 

.0170 47 77 

.0250 49.3 

.dl50 52 9 25 

.0650 53.7 

.0850 55.1 

.1220 57.1 

.1720 58.7 

.2220 60 35 

.2720 61.6 

.3220 62.25 

TABLE VI11 
See Figure 13 
R = 4.424 x 10 
d = 0.1189 
a = 5.160 x 10- 5 
n = 0.930 
U = 6.57 
uW 

- 
= 1.444 X 10- 5 

U* = 0.3019 

y [Inches) u [ft./sec*) 
.0030 3.581 
0035 3 619 

.o&o 3 0695 

00055 3.885 
.0060 4.03 

.0080 4.43 

.OlOO 4.78 

.0120 4 $2 
,0160 5.21 
.0200 5.36 
.0280 5.57 
.0360 5.68 
.0560 5 089 
.a40 6.13 
.logo 6.41 
.1340 6.49 
.2000 6.89 
.2840 7.13 
3590 7.37 
4530 7.59 
5 590 7.85 
6590  8.005 

.0045 3 702 

.0050 3 748 

.0070 4.24 

TABLE IX 
See Fimre 14 1. 

'n = 9.796 x lo' 
- 

d = 0.1189 
a = 5.127 x 10- 5 
n - = 0.930 
U = 13.7 

= 1.297 x 10- 5 uw 
U+ = 0.592 
y [Inches) u [ft./seeJ 
.0030 8.09 
0035 8.04 . 0040 8.32 
.0&5 8.69 
.a050 8. a49 
005s 9.085 
.0060 9.39 
.0070 9-72 
.mo 9.85 
.0100 10.239 
.0120 10.439 
.0160 10.61 
.0200 11.13 
.0280 11.32 
.0360 11.531 
.&TO 12.17 
.0840 12.84 
.logo 13 31 
.2090 14.25 - 3590 15 34 
4 590 15 -89 
5590 16.19 
.6490 16.39 



TABU X 

See Figure 15 
R = 1.846 x lo5 
d = 0.1189 
a = 5.127 x 10- 5 
n = 0.930 
ii = 24.8 

U+ = 0.931 

y [Inches] u [ft./sec.] 

= 1.211 x 10- 5 

.0030  15.9 
9 0035 16.1 
. d o  16.1 
.0045 16.8 
.0050 17.1 
0055 
.0060 
.0070 
.OM0 
.0100 
.0120 
.0160 
.0200 
.0280 
,0360 
.0560 
.0840 . log0 
.1340 
.2090 
.2840 
9 3590 
04590 
9 5590 
6590 

17.7 
18.0 
18.5 
18.6 
19.1 
19.3 
20.0 
20.5 
21.3 
21.6 
22.6 
23.4 
23 99 
24.4 
25.4 
26.4 
27.1 

28.4 
27.8 

28.7 

TABU XI 
See Figure 16 

d = 0.1189 'n = 2.575 x 10 5 

a = 5.224 x 10- 5 
n - = 0.930 
U = 34.5 
% 
U* = 1.288 

.0030  21.1 
0035 21.5 
.0040  22.6 
.0045  23.4 
.OO50  24.2 

.0065  25.2 

.0075  25.4 
0095  26.1 
.On5 26.9 
00155  27.5 
9 0195  28.2 
0275  29.2 

9 0355  29.9 
-0555  31.2 
.0835 32.9 
,1085 33 94 
9 1335 34.4 
.2o85 35.6 
02835  37.0 
3585 37.8 
-4585 39.0 
5585 39.5 
06585 39.9 

= 1.178 X 10- 5 

Y [Inches J u [ft./sec.] 

0055  24.4 

TABLE xrI 
See Figure 17 
R, = 4.524 x 10 5 
d =0.1189 
a = 5.127 x 10- 5 
n - = 0.930 
u = 57.4 
% u* = 1.99 

.0030 39.8 
0035  40.3 

. d o  41.3 
-0045 42.2 

. d o  43.8 

.0070 44.6 
ow 46.0 
.OllO 46.8 
.0150  48.2 
.01go 49.1 

0350  51.8 
05  50 53.7 
.0830 55.4 
.lo80 56.6 
01330 57.7 
.2080 59 09 
.2830 61.5 
3580  62.9 

5580 65.5 
.6580 66.1 

= 1.081 x 10- 5 

Y. [Inches] u [f't./sec.] 

e 0050 43.1 

.0270  50.6 

.4580 64.3 



TABLE XI11 
See Figure 18 

d = 0.1189 IRn = 4.586 X i o  5 

a = 5.324 X 10' 
n = 0.930 
U = 60.2 
uw 
u* = 2.066 

- 
= 1.119 x 10- 5 

y [Inches] u [Ft./sec.] 

- 0033 41.01 
.0038 41.30 
.004 3 41 55 
.0048 112.30 
0053 43.40 

.0063  44.85 

0093 47.15 
00133 49.35 
.01.73 50.70 
.0213 51.62 
0293 52.97 
0453 54.63 

.0653 56.20 
-0853 57.25 
-1763 59.47 
.1863 62.22 
.2663 63.10 
3413 64 55 

.4163 66.06 

.4913 6'7.25 
5663 67.97 

. 6 h 3  68.62 

0073 45.82 
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Fig. 1 Comparison of Shear Stress Data Taken i n  t h e  Fann 
and Merrill Brookfield  Viscometers. 
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Fig. 2 Typical Low Shear Rate  Data for Test Solutions 
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Fig. 3 Schematic of Test Facility 



Fig. 4 Velocity Probe 
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Fig. 5 Generalized Velocity Profile 
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Fig. 7 Generalized Velocity Profi le  
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Fig. 9 Generalized Velocity Profile 
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Fig. 11 Generalized Velocity Profile 
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Fig. 12 Generalized Velocity Profile 
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Fig. 13 Generalized Velocity Profi le  



50 

30 
@=E* U 

20 

IO 

C 

F 

l -  

C =0.05 % 
1 I I 

I 10 to2 lo3 lo4 

7 Wn= 9.80 X IO" 
d =1427" 

1 

lo4 

Fig. 14 Generalized Velocity Profile 
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Fig. 16 Generalized Velocity  Profile 
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Fig. 18 Generalized  Velocity  Profile 
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Fig. 19 Comparison of D for Small and 
Large Pipes as a Funct ion of Rn 
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Fig. 20 Comparison of Friction Factors for 
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